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DOI: 10.1039/b810641jThe application of inverse opal structured materials is extended to
the ceria–zirconia (Ce0.5Zr0.5O2) system and the significance of
material architecture on heterogeneous catalysis, specifically,
chemical oxidation, is examined.Inverse opal structures have been explored and, in some instances,
perfected as photonic crystals by the optoelectronics community.1–4
Materials ranging from carbon to transition metal oxides have all
been fabricated as macroporous structures with ordered pores.5–7 In
photonic applications, regular arrangement of the pore structure,
with pore sizes generally in the visible wavelength range, is essential
for achieving optical band gap characteristics. Inverse opals also
display several characteristics that render them ideal for chemical and
electrochemical catalysis including low tortuosity (particularly as
compared to typical microporous materials8 or to aerogels9), high
porosity, and stability against high-temperature coarsening.
Furthermore, the requirements for structural perfection are much less
stringent than those of photonic applications, although a high degree
of structural perfection ultimately lends itself to quantitative
modeling of catalytic behavior to a degree not possible with
conventional catalyst support structures. Despite these attributes,
only a limited number of studies have been directed towards the
development of inverse opals for catalysis,10–12 and any influence of
the material architecture has yet to be demonstrated.
Here, we report a robust method for preparing ceria–zirconia
(Ce0.5Zr0.5O2) inverse opals and provide preliminary catalytic results
on the role of engineered macroscale porosity on catalytic activity.
The synthesis of the end-member ceria as an inverse opal has been
recently demonstrated,13 however, the catalytic properties of that
material were not examined. Ceria–zirconia, which combines the
benefits of the catalytic activity14 and oxygen storage capacity offered
by ceria15 and the structural stability offered by zirconia16 was selected
for this study because of its inherent importance in three-way cata-
lysts for the destruction of toxic gases such as SOx and NOx,
17,18 as
a support in ethanol reforming catalysts for hydrogen production,19
and as an anode material in solid oxide fuel cells,20 amongst many
other applications. Furthermore, given the intermediate stoichiom-
etry, the synthesis methodology lends itself to compositional tuning
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a synthesis protocol (described in complete detail in the ESI†) by
which a nanoparticulate sol is produced by reaction of zirconyl
chloride and cerium ammonium nitrate.21 Equal molar ratios are
dissolved in deionized water and the products of the reaction are
allowed to evaporate from the solution. The resulting precipitate,
composed of 3–5 nm oxide particles, is resuspended in deionized
water. The particles are then infiltrated into the interstices of a closed-
packed array of 1.0 mm polystyrene (PS) beads prepared by sedi-
mentation from an aqueous suspension. The beads are subsequently
removed from the structure by thermal decomposition at 550 C,
a treatment which also induces the sintering of the nanoparticulate
sol.Fig. 1 (top) SEM image of the Ce0.5Zr0.5O2 macroporous inverse opals
showing the continuous oxide framework and pore network (inset), and
(bottom) X-ray diffraction pattern, indexed, for simplicity, according to
a cubic fluorite structure.
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The resulting macroporous ceria–zirconia microstructure and
corresponding diffraction pattern are shown in Fig. 1. The scanning
electron microscopy (SEM) image shows a continuous oxide frame-
work with an interconnected pore network that permeates
throughout the structure. The pore interconnections (average diam-
eter 160 nm) reflect the degree of contact between the polystyrene
beads obtained during the formation of the opal structure. The X-ray
diffraction pattern confirms that a fluorite phase is obtained, and the
peak breadths indicate a crystallite size of  20 nm after the 500 C
heat treatment. As a result of the highly broadened peaks, structural
refinement according to cubic and tetragonal fluorite structures
yielded statistically equivalent fits, although a minor peak at 2q 39
can only be accounted for by the tetragonal form. The refined
tetragonal lattice constants, a ¼ 3.6654(9) A˚ and c ¼ 5.263(2) A˚, are
consistent with the nominal composition of Ce0.5Zr0.5O2. Chemical
analysis by energy dispersive X-ray analysis shows a residual Cl level
that is below the quantification limit of the technique (<0.5 wt%).
Nitrogen sorption measurements indicate the material has
a moderate specific surface area, 13.6 m2 g1. In contrast, non-
templated ceria–zirconia powder obtained from direct heat treatment
of the precipitate resulting from the chemical synthesis displayed
a specific surface area of 38.3 m2 g1.
In order to explore the role of material architecture on catalytic
activity a propane oxidation experiment (for details see the ESI†) was
performed. Measurements were carried out using a C3H8 : O2 ratio
of 1 : 2.25 (PC3H8 ¼ 0.009 atm, PO2 ¼ 0.021 atm, balance He, total
flow rate¼ 130 sccm), which is slightly greater than that required for
partial oxidation (to generate entirely CO and H2) but substantially
lower than that required for complete oxidation (to generate entirely
CO2 and H2O). At the flow rates employed the reaction is gas-phase
transport limited. The catalytic activity of the non-templated ceria–
zirconia powder (50 mg) has a propane conversion curve comparable
to the control (quartz sand only), Fig. 2, suggesting that it is relatively
inactive towards the heterogeneous catalytic oxidation of propane. In
both the control and non-templated powder cases, the conversion at
500 C is only 2–3%, and at temperatures above 550 C propane
oxidation directly in the gas phase can no longer be neglected. The
macroporous inverse opal catalyst, on the other hand, displayed
a significantly higher catalytic activity and the conversion at 500 C is
nearly 23%. Given the essentially identical solution synthesis routesFig. 2 Propane conversion for Ce0.5Zr0.5O2 macroporous inverse opals,
crushed inverse opals, non-templated powders, and SiO2 blank. PC3H8 ¼
0.009 atm, PO2 ¼ 0.021 atm, balance He, total flow rate ¼ 130 sccm.
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zirconia powder over the macroporous material, the behavior of the
latter cannot be attributed to the presence of a particularly high
concentration of catalytic sites or substantially differing impurity
levels and must derive, in large part, from the macroporosity. To
further examine the role of ordered macroporosity, the ceria–zirconia
inverse opal was ground to partially disrupt the ordered structure
while retaining most of its macroporosity. Considerably lower
propane conversion (14% at 500 C) than the undisturbed material
can be attributed to increased tortuosity in the gas transport pathway.
The results above clearly demonstrate the strong influence of material
architecture on catalytic behavior.
For any high temperature process, and particularly where the
component materials have high porosity and surface area, the ques-
tion of long-term stability must be addressed. Here we see that under
continuous operation at 550 C (PC3H8¼ 0.028 atm,PO2¼ 0.062 atm,
balance He, total flow rate ¼ 195 sccm), Fig. 3, propane conversion
drops slightly over the first 45 h from 35 to 26% then remains stable
through the remainder of the 100 h experiment. The X-ray diffraction
patterns between the pre-reaction and post-reaction materials showed
no difference in the crystal structure or the crystallite size. SEM
observations of the post-reaction sample also confirmed that the
catalyst microstructure was essentially unchanged, although some
small fraction of pores appeared to have collapsed. Overall, the
minimal degradation rate beyond about 50 h demonstrates promising
stability for catalytic applications.
Examination of the exhaust gas obtained from the macroporous
ceria–zirconia revealed that, at temperatures below which gas-phase
reactions occur, the main products were H2O and CO2 (and
unreacted propane) with minimal amounts of H2 and CO (see ESI†).
Furthermore, there was no indication of carbon deposition. Such
a result does not align with thermodynamic equilibrium, however,
similar behavior has been documented recently for Pt catalyzed
oxidation of propane under comparable experimental conditions.22
Complete oxidation under fuel rich conditions has important impli-
cations for the destruction of volatile organic compounds and for
catalytic heat sources.23,24
Beyond chemical catalysis, the macroporous structure prepared
here displays several desirable characteristics for application in fuel
cell electrodes, i.e. for electrocatalysis. In contrast to the randomFig. 3 Propane conversion degradation for Ce0.5Zr0.5O2 macroporous
inverse opals under continuous operation at 550 C for 100 h. PC3H8 ¼
0.028 atm, PO2 ¼ 0.062 atm, balance He, total flow rate ¼ 195 sccm.
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structure of typical composite electrodes,25 not only does the ordered
macroporosity facilitate mass transport as a consequence of the low
tortuosity, but also the walls of the inverse opal provide a continuous
pathway for oxygen ion transport. Hence, the entirety of the elec-
trolyte material within the electrode is, in principle, electrochemically
accessible. Implementation of CeO2–ZrO2 based inverse opals in
functioning fuel cell anodes will ultimately require the incorporation
of a second phase that is both electronically conducting and micro-
structurally continuous, but the success demonstrated here represents
an essential first step towards engineered rather than random elec-
trode architectures.
Regardless of the specific application, it is apparent that material
architecture is an important but relatively unexplored parameter
(in addition to overall composition and surface state) that one can
tune in order to optimize catalytic conversions relevant to energy
generation and emission control technologies. The inverse opal
structure, because of the ease by which it can be fabricated and the
ease with which its dimensional characteristics—pore size, inter-
connecting pore size, wall thickness, and constituent grain size—can
be varied, is an ideal framework for pursuing such an optimization.
The regularity of the structure further suggests that such optimization
can proceed in parallel with computational simulations, which are
typically better suited to well-defined than random structures.
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